WNTs are secreted extracellular signaling molecules that transduce their signals by binding to G protein-coupled receptors of the frizzled (FZD) family. They control diverse developmental processes, such as cell fate specification, cell proliferation, cell differentiation, and apoptosis. Although WNT signaling has been shown to be essential for development of the ovary, its mechanistic role in folliculogenesis within the adult ovary has not been studied extensively. Therefore, the objective of this study was to investigate the regulation and function of WNT2 signaling in mouse granulosa cells. Immunostaining identified WNT2 as being expressed in granulosa cells throughout folliculogenesis, but with varying signal strength: in sequential sections, WNT2 immunoreactivity was strongest in healthy antral follicles but weak in atretic follicles. Knockdown of WNT2 expression using transfected short interfering RNA decreased DNA synthesis in granulosa cells, whereas WNT2 overexpression using a recombinant viral vector enhanced it. WNT2 knockdown led to accumulation of glycogen synthase kinase-3beta (GSK3B) in the cytoplasm but reduced the expression of beta-catenin. Conversely, WNT2 overexpression reduced the expression of GSK3B in the cytoplasm and induced beta-catenin translocation from the membrane into the nucleus. Beta-catenin knockdown also inhibited DNA synthesis in granulosa cells and neutralized the effect of WNT2 overexpression. WNT2/beta-catenin signaling had a slight effect on the apoptosis of granulosa cells. Taken together, the data indicate that WNT2 regulates beta-catenin localization in granulosa cells, and WNT2/beta-catenin signaling contributes to regulating their proliferation.
INTRODUCTION
WNTs are a large family of secreted, cysteine-rich glycoproteins that influence diverse functions during development, such as cell fate specification, cell proliferation, differentiation, survival and apoptosis, polarity, and migration [1, 2] . Currently, three different pathways have been found to be activated by WNT receptor activation: the canonical WNT/ b-catenin cascade, the noncanonical planar cell polarity pathway, and the WNT/Ca 2þ pathway [3] . The canonical WNT pathway is well understood for its ability to regulate cellcell adhesion and cell cycle control, and b-catenin is the central and essential component in this pathway [4] . The phosphorylation and stability of b-catenin are regulated by a cytoplasmic protein complex formed by casein kinase-1a (CSNK1A), glycogen synthase kinase-3 (GSK3), and tumor suppressors adenomatous polyposis coli (APC) and AXIN [1, 5] . In the absence of WNT, the AXIN complex is constitutively active, promoting the phosphorylation of b-catenin and its proteasomal degradation [5] . In contrast, loss of function or inhibition of the AXIN complex causes activation of b-catenin [6] . As a result, hypophosphorylated b-catenin accumulates in the cytoplasm and is translocated to the nucleus, where it interacts with the T-cell factor and lymphoid enhancer-binding factor (TCF/LEF) family of transcription factors to activate the transcription of target genes [7] .
To date, 19 WNT members have been identified in mouse and human. WNTs have been implicated in a range of developmental processes in the mouse, including the patterning of the central nervous system and limbs [3, 8] . Knockout or mutation of Wnt genes causes cell proliferation defects in mice. In Wnt1/Wnt3a double-mutant mice, the reduction in neural crest and deficiency in dorsolateral neural precursors were attributed at least in part to a cell proliferation defect [9, 10] . WNT5A has been shown to regulate the proliferation of progenitor cells in both the limb bud progress zone and the primitive streak mesoderm, whereas WNT7B is required for mesenchymal proliferation and vascular development in the lung [11, 12] . Similarly, b-catenin deficiency in mouse embryos resulted in reduced progenitor proliferation [13] . It has been demonstrated that targeted disruption of the Wnt2 gene results in placentation defects [14] . Alteration of WNTs can also be associated with tumorigenesis. Upregulation of WNT2 has been found in human colorectal cancer and gastric cancer, whereas WNT2 short interfering RNA (siRNA) or monoclonal antibody could inhibit tumor growth [15] [16] [17] . WNT2 acts as an autocrine growth and differentiation factor specific for hepatic sinusoidal endothelial cells, where it synergizes with the vascular endothelial growth factor signaling pathway to exert its effect [18] .
During the mammalian reproductive cycle, the ovary undergoes dynamic morphological changes. The different ovarian compartments are subject to both proliferation and differentiation events, and ovarian folliculogenesis requires complex regulatory mechanisms involving both endocrine and intraovarian signaling pathways [19, 20] . Recently, WNT signaling has been implicated in ovarian development, oogenesis, and early development. Wnt4-deficient mice exhibit sex reversal and a paucity of oocytes in the newborn ovary, whereas mice null for frizzled 4 (Fzd4) are infertile and exhibit impaired function of the corpus luteum [21, 22] . Multiple Wnt transcripts are localized in the different compartments of the mouse ovary: Wnt2 and Fzd1 are expressed in the granulosa cells, whereas Wnt4 and Fzd4 are expressed in the corpus luteum [23, 24] . Our recent study of human cumulus cells revealed the presence of the canonical WNT pathway, with WNT2 acting through its receptor FZD9 to recruit b-catenin into plasma membranes and promote the formation of adherens junctions [25] . It has also been reported that misregulation of WNT/b-catenin signaling in granulosa cells can contribute to granulosa cell tumor development [26] . However, very little is known about the function and regulation of the WNT/b-catenin signaling pathway in normal follicle development. This study was undertaken to explore the function of this pathway and its regulatory mechanisms in mouse granulosa cells.
MATERIALS AND METHODS

Ovary Collection
Experimental procedures involving mice were approved by the Animal Use Subcommittee of the University Council on Animal Care of the University of Western Ontario and were in accordance with the International Guiding Principles for Biomedical Research Involving Animals as promulgated by the Society for the Study of Reproduction. CD1 female mice 3 and 5 wk old (five from each age group) were anesthetized with CO 2 and killed by cervical dislocation. The ovaries were removed and placed in McCoy 5A complete medium containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 lg/ml streptomycin. All products for this study were purchased from Invitrogen Canada Inc. (Burlington, ON, Canada) unless otherwise specified. Surrounding fat and connective tissue were removed using 25-gauge needles. The ovaries were fixed in Bouin solution overnight, embedded in paraffin, and sectioned at 5 lm.
Culture of Granulosa Cells
Ovaries from 3-wk-old CD1 female mice were digested in McCoy 5A complete medium containing 2 mg/ml type I collagenase (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) at 378C for 10-15 min. Secondary and early tertiary (antral) follicles were liberated by repeated aspiration and expulsion with a 1-ml pipetter. Follicles and cumulus-oocyte complexes were washed with the same medium and transferred to another dish in which the oocytes were separated from the granulosa cells by treatment with 0.05% trypsin-ethylenediaminetetraacetic acid for 5 min followed by centrifugation at 600 3 g for 5 min. The supernatant (containing oocytes) was removed and the granulosa cells resuspended in McCoy 5A complete medium. Granulosa cells were cultured on 12-mm glass coverslips or in six-well plates at 378C, 5% CO 2 in air. For experiments involving siRNA or viral vector treatment, the medium contained 10% fetal bovine serum.
Antibodies
All antibodies used in this study are commercially available and have been widely used and their specificity demonstrated in previous studies [16, [27] [28] [29] [30] [31] [32] [33] [34] . They are listed in Table 1 .
Immunohistochemistry
Immunohistochemistry was performed using the Goat ABC Staining System (Santa Cruz Biotechnology Inc., Santa Cruz, CA). Briefly, the sections were deparaffinized completely and then immersed in citric acid buffer (10 mmol/L of sodium citrate, 10 mmol/L of citric acid) and boiled in a microwave oven at 928C-988C for 15 min to expose the antigens. The sections were cooled to room temperature and then sequentially incubated at room temperature with 3% H 2 O 2 in methanol for 15 min to quench endogenous peroxidase; blocked with normal serum for 45 min; incubated in goat anti-WNT2 antibody (2.0 lg/ ml; Santa Cruz Biotechnology) at 48C overnight; incubated in biotinylated secondary antibody for 1 h; and finally treated with the AB reagent for 1 h. Intervening PBS washes were performed after incubation when necessary. The sections were stained with diaminobenzidine and mounted as described above. As a negative control, slides were incubated without primary antibody or with the WNT2 antibody plus WNT2 blocking peptide provided by Santa Cruz Biotechnology. The signals were recorded with a Leica digital camera system (Leica Microsystems Canada Inc., Richmond Hill, ON, Canada), and the digital images were processed by Adobe PhotoShop (Version7.0; Adobe, San Jose, CA).
siRNA Transfection and Transduction Using Recombinant Virus
Several siRNAs were tested at different concentrations for each knockdown experiment, with the results presented here being obtained from the single most effective siRNA. Granulosa cells to be used for siRNA transfection were changed into medium without antibiotics after 6 h and cultured for a further 48 h for transfection. Stealth/siRNA duplex oligoribonucleotides for WNT2 and bcatenin were ordered from Invitrogen along with negative siRNA (lacking homology with any vertebrate sequence) as a toxicity control. Transfection was achieved using Lipofectamine RNAiMAX reagent using the recommended protocol. For WNT2, the best inhibitory effect was achieved with siRNA-3 (aca ccc aga ugu gau gcg ugc cau u) at 10 nM. For b-catenin, the best inhibitory effect was achieved with siRNA-2 (ccc aga aug ccg uuc gcc uuc auu a) at 100 nM. The respective negative siRNAs were used at the same concentrations.
The mouse WNT2 conventional vector was generously provided by Dr. Diana Klein (University of Heidelberg, Heidelberg, Germany) [18] . The cDNA was released and inserted into the AP2 retroviral vector (a murine plasmid retrovector including the enhanced green fluorescent protein [EGFP] reporter gene) using restriction endonucleases BglII and BamHI. The inserted cDNA and EGFP coding fragments were connected by an internal ribosome entry site (IRES) to facilitate independent translation of the two proteins. The AP2 vector without any inserted fragment was used for the empty vector control. WNT2 vector or empty vector was transduced into 293 GPG packaging cells by transfection to produce infective virus, which was then used to transduce 866 granulosa cells. Virus production from the WNT2 construct and the empty vector was similar, as described previously [35] . Cells grown to 40%-50% confluency were incubated with concentrated retrovirus (200 ll of virus was added into 2 ml of culture medium) for 40 h at 378C. Infection efficiency was determined 48 h after infection by visualizing live or fixed cells for EGFP expression. Cells and medium were harvested after 48 h of culture, but the medium was replaced and cells were cultured in FBS-free medium for a further 6-8 h before harvest. The medium protein was concentrated by Amicon Ultra Centrifugal Filter Devices (Millipore, Billerica, MA) according to the company's protocol. Before sample collection, the cell morphology was recorded using a Leica digital camera system. In experiments where siRNA treatment was combined with viral vector infection, the siRNA was diluted into medium containing infectious virus to obtain the appropriate reagent concentrations.
Immunofluorescence Microscopy
Cells grown on glass coverslips were fixed with prechilled methanol:acetone (1:1) at À208C for 20 min or with 3.7% paraformaldehyde (PFA; for cells expressing GFP) at 48C for 15 min, and then rinsed with PBS and prepared for immunostaining as previously described [25] . Briefly, the cells were blocked with washing buffer containing 3% (w/v) bovine serum albumin (BSA) for 1 h, immunolabeled with primary antibody for 1 h, washed with PBS, and immunolabeled with appropriate secondary antibody for 1 h in the dark. Several washes were interposed between different antibody incubations. Cells were washed in PBS, and the nuclei were stained with 0.1% Hoechst for 10 min, followed by washes with PBS and double-distilled H 2 O. The coverslips were mounted on slides with Airvol before storage at 48C. The cells were imaged using a Zeiss LSM 510 META confocal microscope. Fluorescent signals were captured after excitation with 488-, 543-, or 730-nm laser lines.
Western Blotting
Whole-cell proteins were extracted with lysis buffer containing 50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L sodium chloride, 0.02% sodium azide, 1% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate, 2 mM NaF, 2 mM Na 3 VO 4 , and 13 protease inhibitor cocktail. To measure protein secreted into the medium, the medium was replaced with FBS-free medium for 6-8 h before harvest. The medium protein was concentrated by Amicon Ultra Centrifugal Filter Devices (Millipore) according to the manufacturer's protocol. Twenty micrograms of total protein for cells or 50 lg of total protein for concentrated medium was separated by SDS-PAGE on 12% gels, and proteins were transferred to nitrocellulose membrane using iBlot Gel Transfer Stacks (Invitrogen). The membrane was blocked with 0.5% BSA (w/v) in Trisbuffered saline with 0.05% Tween 20 for 1 h, and it was subsequently probed with the corresponding primary antibody overnight at 48C followed by incubation with infrared fluorescent-labeled secondary antibody (Alexa-680 anti-rabbit, anti-goat, or anti-mouse). Antibody binding was detected by use of the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE). The membrane was stripped and reprobed with other primary antibodies overnight at 48C and followed by incubation with the corresponding infrared fluorescentlabeled secondary antibody. The immunoblots were processed using LI-COR. Two washes with TBST were inserted between the antibody treatment steps. The relative intensity of protein bands was determined in reference to GAPDH and quantified using Quantity One software (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada).
Replication Assay
DNA synthesis was measured using the Click-iT EdU Imaging Kit from Invitrogen. After 48 h of culture with siRNA or viral vector, 20 lm of 5-ethynyl-2 0 -deoxyuridine (EdU) was added to the medium, and the cells were allowed to grow for another 4-6 h before scoring them for EdU incorporation. Briefly, the cells were fixed with 3.7% PFA in PBS for 15 min and washed with 3% BSA twice, then incubated with 0.5% Triton X-100 for 20 min, followed by incubation with the Click-iT reaction cocktail for 30 min in the dark. The nuclei were stained with 0.1% Hoechst in PBS for 10 min. Intervening 3% BSA washes were performed after incubation when necessary. The coverslips were mounted on slides with Airvol. Fluorescent signals were captured after excitation with 488-and 730-nm laser lines. The ratio of EdU-positive cells:total number of cells was determined for each of 15-20 fields (four to five fields per coverslip, with three to four replicate coverslips per experiment).
Apoptosis Assay
Apoptosis was detected using the DeadEnd Fluorometric TUNEL System (Promega, Madison, WI) according to the manufacturer's instructions. Briefly, the sections were deparaffinized completely and fixed in 3.7% PFA in PBS for 15 min at room temperature. The sections were treated with 20 lg/ml proteinase K for 8-10 min and fixed in 3.7% PFA for 5 min. For cell staining, the cells were first fixed in 3.7% PFA for 25 min at 48C, washed with PBS, and treated with 0.2% Triton X-100 for 5 min. The sections or cells were incubated in equilibration buffer for 10 min followed by rTdT incubation buffer at 378C for 1 h, and they were washed with 23 saline-sodium citrate and PBS and mounted with Airvol (Air Products & Chemicals Inc., Allentown, PA). The nuclei were stained with 0.1% Hoechst for 10 min before mounting. For the positive control, the section or cells were treated with 10 U/ml DNase I for 10 min before incubation with rTdT incubation buffer. The results were imaged using a Zeiss (Thornwood, NY) LSM 510 META confocal microscope. Fluorescent signals were captured after excitation with 488-nm laser lines. Digital images were prepared using Zeiss LSM and Adobe Photoshop 7.0 software. The ratio of TUNEL-positive cells:total number of cells was determined for each of 15-20 fields (four to five fields per coverslip with three to four replicate coverslips per experiment).
Statistical Analysis
Statistical analysis (one-way ANOVA with a posthoc test when appropriate) was performed using the Statistical Package for Social Science (SPSS 13.0 for Windows; SPSS Inc., Chicago, IL). Data are presented as mean 6 SEM, and P , 0.05 was considered to be significant. In all graphical figures, different letters above bars indicate significant differences between treatments.
RESULTS
Expression of WNT2 in the Mouse Ovary and Its Relationship to Follicle Atresia
Previous work revealed that Wnt2 mRNA is concentrated in the granulosa cells of rat ovary [23] and that WNT2 and members of the WNT signaling pathway are expressed in human cumulus cells [25] . In the present study, immunocytochemistry applied to ovary sections demonstrated that WNT2 is WNT2 AND DNA SYNTHESIS IN GRANULOSA CELLS also expressed in mouse granulosa cells, both cumulus and mural (Fig. 1) . Immunofluorescence analysis of cultured granulosa cells revealed that it colocalizes with FZD3 and FZD9 (see Supplemental Data, available online at www. biolreprod.org). Furthermore, in coimmunoprecipitation experiments, we found that WNT2 antibody could precipitate FZD3 and FZD9, but only FZD9 antibody could precipitate WNT2, suggesting that FZD9 may be the preferred receptor for WNT2 in mouse granulosa cells (Supplemental Data). WNT2 is expressed in the granulosa cells of all stages of follicles in 3-wk-old mouse ovaries (Fig. 1) . The signals were much stronger in the cumulus and mural granulosa cells of antral follicles, but not in all antral follicles (Fig. 1A, 3 wk) . In 5-wk-old ovary, WNT2 was detected in the granulosa cells and corpus luteum, but expression varied between different antral follicles (Fig.  1A, 5 wk) . To examine a possible association between WNT2 expression and follicle atresia, apoptosis was examined by TUNEL staining. WNT2 is highly expressed in the granulosa cells of healthy follicles (red arrows), but the signal strength was reduced in the granulosa cells of atretic (TUNEL-positive) follicles (yellow arrows; Fig. 1D ).
WNT2 Knockdown Inhibits DNA Synthesis in Granulosa Cells
WNT2 level in both cells and medium was reduced by 70% or more with 10 nM siRNA-3 (Fig. 2, A and B ; P , 0.001). To examine the effect of this treatment on proliferation, we monitored the incorporation into DNA of EdU, an analog of thymidine, as a surrogate [36] . In normal and negative control siRNA-treated granulosa cells, the proportion of cells incorporating EdU was ;40%, whereas it was as low as 10% in WNT2 siRNA-treated cells (Fig. 2C) . To confirm this result, we also quantified proliferating cell nuclear antigen (PCNA), a marker for cells in S phase, by Western blot analysis. PCNA is an auxiliary protein of DNA polymerase d that is essential for DNA replication during S phase [37, 38] . PCNA begins to accumulate during the G 1 phase of the cell cycle, is most abundant during the S phase, and declines during the G 2 /M phase [39] . WNT2 siRNA significantly decreased the PCNA level compared with normal and negative siRNA-treated granulosa cells ( Fig. 2D; P , 0.001 
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WNT2 Overexpression Promotes DNA Synthesis in Granulosa Cells
To further characterize the role of WNT2 in the proliferation of granulosa cells, we overexpressed it by transducing the cells with recombinant virus containing mWNT2 cDNA. The construct also included an enhanced green fluorescent protein (EGFP) cassette as a reporter downstream of an IRES (Fig.  3A) . After 48 h, the expression level of WNT2 protein was detected by immunostaining and immunoblotting. We found that at least 60% of granulosa cells exposed to the vector exhibited GFP fluorescence, and the WNT2 immunofluorescent signal was higher in WNT2-overexpressing granulosa cells than in normal (untransduced) and empty vectortransduced cells (Fig. 3B) . Western blotting revealed that WNT2 level in overexpressing cells and their culture medium was twice that of normal and empty vector-transduced cells ( Fig. 3C ; P , 0.05 for the cells, P , 0.001 for the medium). After 4 h of incubation with 20 nM EdU, the proportion of positive (EdU-incorporating) cells was significantly higher in WNT2-overexpressing cells (60% or more) than in normal and empty vector-transduced cells (less than 40%; P , 0.001; Fig.  3D ). WNT2 overexpression also markedly increased PCNA expression compared with normal and empty vector-transduced cells ( Fig. 3E ; P , 0.001).
WNT2 Regulates GSK3B and b-Catenin Expression and b-Catenin Localization in Granulosa Cells
The protein kinase GSK3B, an important component of the b-catenin destruction complex, regulates the phosphorylation of b-catenin [40] . The level of GSK3B was altered by treatments that increased or decreased WNT2. In normal granulosa cells, GSK3B is mostly localized in the cytoplasm (Fig. 4A) . WNT2 siRNA knockdown increased the GSK3B immunofluorescent signal in the cytoplasm and significantly increased its total protein level, as revealed by Western blotting (Fig. 4, A and B ; P , 0.05). In contrast, WNT2 overexpression significantly reduced the accumulation of GSK3B (Fig. 4 , C and D; P , 0.05). In both cases, the negative control treatment had no effect.
We next focused our attention on b-catenin, the central player in the WNT canonical pathway by virtue of its role as a transcription cofactor that activates gene expression to regulate cell proliferation and differentiation [41] . b-Catenin is also a structural adaptor protein linking cadherins to the actin   FIG. 3 . WNT2 overexpression increased DNA synthesis in granulosa cells. A) Maps of the mWNT2 overexpression retroviral vector and empty vector control (not to scale). A 1.1-kb mWNT2 cDNA was inserted into the AP2 vector using Bgl2 and BamH1; an EGFP cassette was added downstream, separated from the cDNA by an IRES. The empty vector control had the same structure except for the absence of WNT2 cDNA. B and C) Overexpression of WNT2 in granulosa cells. After 48 h, the effect of WNT2 overexpression was detected by immunostaining (B) and immunoblotting (C), with WNT2 being quantified in the cells and concentrated medium as in Figure 2B . D) The proportion of cells incorporating EdU was significantly increased by WNT2 overexpression. E) WNT2 overexpression markedly increased PCNA level. Bars ¼ 20 lm.
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cytoskeleton in cell-cell adhesion [42] . Consistent with our previous results with human cumulus cells [25] , b-catenin was mostly localized in the membranes of normal and negative siRNA-treated granulosa cells (Fig. 6 , see yellow arrows), with additional weak staining in the cytoplasm and nucleus (Fig.  5A) . In WNT2 siRNA-treated cells, b-catenin expression in the membranes was markedly reduced, and the total b-catenin level was also significantly decreased (Fig. 5, A and B ; P , 0.001). 
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In contrast, WNT2 overexpression significantly increased total b-catenin level (P , 0.05) but altered its distribution: b-catenin in the membranes was reduced, leaving most of the immunofluorescent signal in the nucleus and cytoplasm (Fig.  5 , C and D, see white arrows).
b-Catenin Knockdown Inhibits DNA Synthesis in Granulosa Cells and Blunts the Stimulatory Effect of WNT2
Our recent work with human cumulus cells indicated that WNT2 acts through its receptor FZD9 to regulate the formation of adherens junctions involving b-catenin and E-cadherin [25] . In cells treated with b-catenin siRNA, b-catenin immunofluorescence was rarely detected in the membranes and other compartments of the treated cells, and its level was reduced to as low as 20% of that in normal or negative siRNA-treated cells (Fig. 6, A and B) . b-Catenin siRNA also reduced the proportion of cells in S phase to as low as 10%, whereas normal and negative siRNA-treated cells showed on average 60% positive cells after 6 h of incubation with EdU (Fig. 6C) . PCNA expression was significantly inhibited by b-catenin siRNA ( Fig. 6D; P , 0.001) . b-Catenin knockdown did not affect WNT2 expression (data not shown).
To test the hypothesis that WNT2 regulates the proliferation of granulosa cells via b-catenin, granulosa cells were treated with WNT2 overexpression vector and b-catenin siRNA together. After 4 h of incubation, the proportion of EdUpositive cells was close to 40% in normal and empty vectortreated cells, but it was increased to 70% in WNT2-overexpressing cells (P , 0.001). b-Catenin siRNA knockdown decreased the proportion of cells in S phase to as low as 20% (P , 0.001), and there was no significant difference between cells treated with b-catenin siRNA alone, cells treated with empty vector plus b-catenin siRNA, and cells treated with WNT2 vector plus b-catenin siRNA (Fig. 7A) . These results were confirmed by PCNA immunoblotting: b-catenin siRNA alone decreased the PCNA level (P , 0.001), but WNT2 vector significantly increased the PCNA level (P , 0.001), and that increase was neutralized by b-catenin siRNA ( Fig. 7B ; P . 0.05 compared with normal cells). Finally, to test the hypothesis that WNT2/b-catenin signaling influences granulosa cell proliferation via an effect on cyclin expression, we measured the level of cyclin D2, the predominant cyclin isoform in granulosa cells [43, 44] , after b-catenin knockdown and WNT2 overexpression. As shown in Figure 7C , b-catenin knockdown significantly reduced cyclin D2 expression, whereas WNT2 overexpression increased it.
WNT2/b-Catenin Signaling Influences Apoptosis of Granulosa Cells
WNT/b-catenin signaling can regulate programmed cell death; for example, in malignant melanoma and colorectal cancer cells, where inhibition of WNT2 induced apoptosis [44, 45] . In our study, we found that WNT2 siRNA significantly increased the frequency of apoptosis (18% of granulosa cells; P , 0.05) compared with normal or negative siRNA-treated cells, in which apoptotic cells were rarely found (Fig. 8) . Cells treated with b-catenin siRNA also trended toward a greater frequency of apoptosis, but the difference just missed significance (P ¼ 0.058). WNT2 overexpression had no effect on apoptosis (WNT2 vector vs. empty vector, P . 0.05). 
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DISCUSSION
WNTs and their receptors orchestrate many essential cellular and physiological processes. During development they control cell proliferation, differentiation, migration, and patterning [46] . Canonical WNT signaling causes b-catenin accumulation in the nucleus in a complex with the transcription factor TCF/LEF that regulates target gene expression [2, 47] . In our recent study [25] , WNT2 and several members of the canonical WNT pathway, including FZD9 and b-catenin, were identified and shown to interact in human cumulus granulosa cells. It was thus our objective in the present study to explore the function and regulation of WNT2 signaling in mouse granulosa cells.
Ovarian follicle development occurs in several stages, including primordial follicle recruitment, oocyte growth, follicle growth through granulosa cell proliferation, and follicle demise through atresia (apoptosis) of granulosa and theca cells, leaving only one or a few follicles to reach the ovulatory stage 
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in each cycle, depending on the species [48] . In previous work, Wnt2 mRNA was observed in the granulosa cells of rat follicles at all stages of development, but it appeared to be more intense in large preantral and antral follicles [23] . Consistent with this, in the present study WNT2 was found in the granulosa cells of all stages of follicle in 3-wk-old mice (when few growing follicles have reached the preovulatory stage), with intense expression in the granulosa cells of antral follicles. In 5-wk ovaries, the distribution of WNT2 was similar to that in 3-wk ovaries except that it was also detected in the corpora lutea, where signal strength was much lower. That the strongest WNT2 signal was found in the granulosa cells of 3-wk antral follicles implies that WNT2 plays an important role in folliculogenesis between the preantral and preovulatory stages. Interestingly, the strength of WNT2 expression appeared to vary between different antral follicles and was inversely associated with follicle atresia, as indicated by TUNEL assay. Thus, WNT2 may be involved in promoting antral follicle development and inhibiting follicle atresia. Although expressed in the corpus luteum, there is as yet no information supporting a role for WNT2 in that structure.
There is evidence that misregulation of WNT signaling is involved in ovarian tumorigenesis [26] . However, research has only recently begun to elucidate the function of the WNT/bcatenin pathway in normal granulosa cells. In our study, WNT2 expression was successfully knocked down by WNT2 siRNA, inhibiting DNA synthesis, as revealed both by the EdU incorporation assay and by measuring PCNA. The fact that WNT2 siRNA reduced PCNA expression in granulosa cells implies that WNT2 knockdown disrupted the granulosa cell cycle during the G 1 and S phases. To further confirm this conclusion, WNT2 was overexpressed in granulosa cells by transduction with a WNT2-encoding retrovirus. Both the proportion of EdU-positive cells and the expression of PCNA were upregulated by WNT2 overexpression. Thus, WNT2 has the ability to enhance the accumulation of PCNA and accelerate DNA synthesis, presumably promoting the proliferation of granulosa cells. Because b-catenin knockdown reduced cyclin D2 level (Fig. 7) , it is likely that the influence of WNT2/b-catenin signaling is mediated, at least in part, by this cell cycle regulator; indeed, cyclin D2 knockout females are infertile, with the primary cause being failure of the granulosa cells to proliferate in response to FSH [49] . 
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However, there must be other signaling molecules, including perhaps other members of the WNT family, involved in stimulating granulosa cell proliferation that can compensate for reduced WNT2 activity, because Wnt2-null female mice were reported to be fertile [14] . Unfortunately, there are no published data on ovulation rate or litter size in Wnt2-null females that might indicate a reduction in oocyte production without loss of fertility.
At the heart of the canonical WNT signaling pathway is the b-catenin destruction complex, which is composed of CSNK1A, AXIN, GSK3B, and APC and determines the fate of b-catenin in the cells [5, 6, 50] . However, the mechanism of b-catenin regulation by the destruction complex is not clearly understood. In WNT2 siRNA-treated granulosa cells, more GSK3B accumulated in the cytoplasm, and b-catenin was reduced. Increasing expression of GSK3B enhances b-catenin phosphorylation, and phosphorylated b-catenin is marked for rapid ubiquitinylation and degradation via the proteasome [5] . In contrast, overexpression of WNT2 decreased GSK3B in the cytoplasm, allowing more b-catenin to accumulate in the nucleus. Low GSK3B results in inhibition of b-catenin phosphorylation, allowing dephosphorylated b-catenin to accumulate, enter the nucleus, and activate WNT target gene expression [6] . The nuclear level of b-catenin has been found to correlate better with WNT activity [51] . Thus, WNT2 overexpression could change the distribution of b-catenin from the membrane into the nucleus, activating b-catenin signaling.
It has been found that WNT/b-catenin positively regulates progenitor proliferation by promoting G 1 to S progression [13] . In the present study, very few proliferating cells were found in b-catenin siRNA-treated cultures, and b-catenin siRNA markedly decreased PCNA expression. This indicates that bcatenin knockdown reduced cell proliferation by inhibiting the cell cycle at the G 1 to S transition, which is consistent with the results from the WNT2 siRNA experiments. Most importantly, b-catenin siRNA neutralized the ability of WNT2 overexpression to enhance DNA synthesis. Therefore, we suggest that WNT2 may stimulate the proliferation of granulosa cells through the activation of b-catenin. This interpretation of the pivotal role of b-catenin in WNT2 stimulation of follicle growth is all the more interesting in light of the recent results of Hernandez Gifford et al. [52] , who demonstrated that b-catenin is also required for follicle-stimulating hormone (FSH)-stimulated estradiol production by granulosa cells. These two findings, taken together, suggest that WNT and FSH signaling pathways in granulosa cells intersect at b-catenin. The relationship between the WNT and FSH signaling pathways in growing follicles merits further investigation.
Although it is well accepted that WNT2 influences apoptosis of cancer cells [44, 45] , this has not been confirmed in normal cells. We found that WNT2 siRNA knockdown could only induce apoptosis in a small minority of granulosa cells. Thus, knockdown of WNT2 signaling reduces DNA synthesis in granulosa cells primarily by slowing down the cell cycle, not by inducing apoptosis.
In conclusion, our results make it clear that the canonical WNT signaling pathway is intact in mouse granulosa cells and that WNT2 can act through b-catenin, likely downstream of FZD9, to regulate their DNA synthesis. Future experiments must be directed toward determining whether WNT2 acts downstream of FSH to influence steroidogenesis and follicle growth or if, conversely, the WNT2/b-catenin and FSH signaling cascades operate in parallel. In either case, the canonical WNT pathway should be considered a possible contributor to female fertility.
